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I. ABSTRACT 
The r o l e  of moi s tu re  and hydrogen i n  the stress c o r r o s i o n  
c r a c k i n g  of  Ti-8Al-LMo-lV exposed t o  h o t  c h l o r i d e  salts w a s  i n v e s -  
t i g a t e d .  
a p p l i c a t i o n  o f  salt  d e p o s i t s  and subsequent  hea t ing ,  and the 
The a d s o r p t i o n  and r e t e n t i o n  of  moi s tu re  d u r i n g  the 
e x t e n t  of H C l  and hydrogen g e n e r a t i o n  d u r i n g  c o r r o s i o n  were s t u d i e d  
u s i n g  r a d i o t r a c e r  t echn iques  and mass spec t rog raph ic  a n a l y s e s  of 
v o l a t i l e  c o r r o s i o n  products .  Hot-s tage microscopy and cinemato- 
graphy were used t o  s t u d y  crack i n i t i a t i o n  and propagat ion ,  and the 
c h a r a c t e r i s t i c s  of f r a c t u r e  s u r f a c e s  were examined by e l e c t r o n  
f r ac tog raphy .  The e f fec ts  of N a C l  were compared t o  t h o s e  of 
SnC1,=2H2O,, which n o t  o n l y  r e t a i n s  much more moi s tu re  b u t  a l s o  has 
a much lower me l t ing  p o i n t  t h a n  N a C 1 .  These s t u d i e s  r evea led  an  
obvious a s s o c i a t i o n  between the occurence of c r a c k i n g  and the 
amounts o f  H C 1  and hydrogen gene ra t ed  d u r i n g  h o t  -salt c o r r o s i o n .  
This ,  combined with resul ts  of  supplementary experiments  u s i n g  s o d i -  
um i o d i d e  and bromide, i n d i c a t e s  that hydrogen, rather t h a n  the 
halide, p l a y s  the key r o l e  i n  the  c rack ing  p rocess .  The o b s e r v a t i o n s  
are c o n s i s t e n t  with a s t r e s s - s o r p t i o n  mechanism f o r  c rack ing ,  i n  
which corrosion-produced nascen t  hydrogen i s  proposed t o  be the 
sorbed s p e c i e s  r e s p o n s i b l e  f o r  c racking .  
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I1 e INTRODUCTION 
Information concerning the susceptibility of titanium alloys 
to stress corrosion cracking has accumulated rapidly during recent 
years as a result of extensive laboratory testing programs to 
evaluate high-strength engineering materials for aircraft, space, 
and marine applications. The first cause for concern that suscep- 
tibility to stress corrosion might be a significant problem in the 
use of titanium alloys was the discovery that some alloys crack 
when stressed in contact with chloride salts at elevated tempera- 
tures, ( '> 2, 
to many titanium alloy structural components operating at elevated 
temperature because sources of chloride contamination are so numerous. 
The list of other environments that can produce stress corrosion dam- 
age in titanium alloys has grown since 1964, when it was discovered 
that specimens with pre-existing fatigue cracks are susceptible to 
stress corrosion at room temperature in sea water. (3) 
occur at ambient temperatures in a variety of aqueous and nonaqueous 
media. Many laboratories currently are investigating the mechanism 
of cracking in various environments. The Sa.vannah River Laboratory, 
under sponsorship of the National Aeronautics and Space Administra- 
tion, is conducting research to develop fundamental information on 
the phenomenon of hot-salt cracking. 
This phenomenon, called hot -salt cracking, is a threat 
Cracking can 
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Hot - sa l t  cracking was f irst  thought  t o  be caused by d ry  sa l t  
d e p o s i t s ,  and moi s tu re  w a s  n o t  cons idered  t o  be impor tan t .12)  
Chlor ine  gas, produced as an  i n t e r m e d i a t e  and r egene rab le  product  
of salt-metal r e a c t i o n s  i n  the p resence  o f  oxygen o r  a r e d u c i b l e  
oxide,  w a s  proposed t o ' b e  the cause of stress c o r r o s i o n .  
t h i s  p roposa l  was based on o b s e r v a t i o n s  of h o t - s a l t  c o r r o s i o n  
effects  a t  t es t  t empera tu res  from 900' t o  1400°F(2) and on a n a l y t i -  
c a l  ev idence  of s m a l l  amounts of c h l o r i n e  i n  v o l a t i l e  p roduc t s  of  
c o r r o s i o n  at 120O0F. ( 4  
However, 
I n  c o n t r a s t ,  s t ud ie s  at  SRL(5) on N a C l  c r ack ing  of Ti-8Al-lMo-lV 
a t  a lower temperature ( 6 5 0 ~ ~ )  i n d i c a t e d  that  moisture  i s  impor t an t  
i n  the sa l t  c o r r o s i o n  process ,  and that HC1 gas i s  gene ra t ed .  Expo- 
s u r e  of  stressed spec iments  t o  ho t  H C 1  gas a lone ,  w i t h  no sal t  
d e p o s i t ,  caused c rack ing  which occurred i n  a manner similar t o  the 
delayed f a i l u r e  phenomenon a s s o c i a t e d  w i t h  hydrogen embr i t t l ement .  
Several features of the h o t - s a l t  c r a c k i n g  phenomenon also i n d i c a t e d  
tha t  corrosion-produced hydrogen might be  involved  i n  the mechanism 
o f  c racking .  Through the use  of  rad io t racer  techniques ,  (5 hydrogen 
w a s  shown t o  be r e t a i n e d  i n  areas corroded a t  65OoF by sal t  i n i t i a l l y  
depos i t ed  from a s o l u t i o n  c o n t a i n i n g  t r i t i a t e d  water, 'H,O. Direct ,  
ho t - s t age  me ta l log raph ic  o b s e r v a t i o n s  of h o t - s a l t  stress c o r r o s i o n  
r evea led  that  cracks i n i t i a t e d  abrupt ly  fo l lowing  an  i n c u b a t i o n  
per iod ,  the d u r a t i o n  of which depended on exposure temperature ,  salt  
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composition, and a l l o y  composi t ion.  The e f fec t  o f  salt composi- 
t i o n  on the incuba t ion  pe r iod  f o r  c rack ing  was a l s o  i n v e s t i g a t e d ,  
p a r t i c u l a r l y  w i t h  respect t o  the amounts o f  moi s tu re  r e t a i n e d  i n  the 
salt  d e p o s i t  and the amounts of H C 1  gas and hydrogen gene ra t ed  d u r i n g  
c o r r o s i o n ,  (7) 
corrosion-produced hydrogen rather than  c h l o r i n e  gas i s  r e s p o n s i b l e  
f o r  h o t - s a l t  c r ack ing .  
Those resu l t s  were the basis f o r  the p roposa l  that  
The o b j e c t i v e  of t h i s  pape r  i s  t o  fu r the r  d e f i n e  how mois ture ,  
HC1, and hydrogen are involved  i n  h o t - s a l t  stress c o r r o s i o n  of  
t i t a n i u m  a l l o y s .  
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111. EXPERIMENTAL PROCEDURES 
A .  
A s  d e s c r i b e d  f o r  p rev ious  s t u d i e s ( 7 )  the test  specimens were 
Specimens f o r  Rad io t r ace r  S t u d i e s  and Hot-Stage Microscopy 
m e t a l l o g r a p h i c a l l y  p o l i s h e d  3/4- x 3- x 0.05O-inch s t r i p s  of duplex-  
annealed Ti-8Al-lMo-lV a l l o y .  
l oad ing  h o l d e r s  and stressed by bending t o  a s u r f a c e - f i b e r  stress of 
lo5  p s i  at  room tempera ture ,  which caused them t o  y i e l d  s l i g h t l y  when 
The s t r i p s  were mounted i n  4-poin t  
heated t o  t es t  tempera tures .  
S a l t  s o l u t i o n s  used i n  s t u d i e s  of a d s o r p t i o n  o f  mo i s tu re  and 
c h l o r i d e s  (Tables I - I V )  were made r ad ioa . c t ive  by adding  e i t h e r  
t r i t i u m  a.s 3H20 (1 C i  p e r  m l )  22Na.Cl  (1 C i  p e r  m l )  o r  c h l o r i d e  as 
N a 3 % 1  (0.03 m C i  p e r  m l ) .  
w a s  determined by coun t ing  i n  a windowless, gas-f low p r o p o r t i o n a l  
counter ,  and the c h l o r i d e  was counted w i t h  a GM be ta  c o u n t e r .  The 
a b s o r p t i o n  of hydrogen (as 3H) by the metal i n  s a l t - c o r r o d e d  areas 
w a s  confirmed by f i r s t  removing a.11 sal t ,  e t c h i n g  the  sur fa .ce  t o  
d i s s o l v e  a s m a l l  increment  o f  metal, and t h e n  coun t ing  the e t c h i n g  
s o l u t i o n  i n  a beta l i q u i d  s c i n t i l l a t i o n  coun te r .  
The p resence  of t r i t i u m  on the specimens 
For  experiments  t o  de te rmine  the t i m e  t o  i n i t i a t e  c racking ,  
(Table V )  d e p o s i t s  of salt were a p p l i e d  i n  the a r e a  of maximum stress 
by evapora t ing  three d rops  of s a t u r a t e d  aqueous s o l u t i o n  on the 
specimens. T h i s  p rocedure  produced a f a i r l y  dense d e p o s i t  of c o a r s e  
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crystals covering a spot about 1/2 inch in diameter. Multiple 
specimens were then heated isothermally in stagnant air using a 
small electric oven. Specimens were removed at intervals, and after 
removing the salt deposits, the surfaces were microscopically ex- 
amined for evidence of cracking. 
In order to permit direct hot-stage metallographic observations 
of salt-metal reactions, droplets of dilute solutions were evapo- 
rated on the pre-polished surfaces. The resultant salt crystals 
were small enough to be viewed with a conventional metallurgical 
microscope. The specimen loading fixture was positioned directly on 
the microscope stage, and heating was accomplished by placing a tiny, 
hand-made coil of resistance wire against the underside of the 
specimen and a.djusting the current with a powerstat. Movies of the 
hot-salt stress corrosion process were made through the eyepiece of 
the microscope using a 16-mm camera equipped with a single frame 
attachment for speeds down to one frame per second. 
The characteristics of stress corrosion fracture surfaces were 
studied by conventional replication and electron microscopy 
techniques. 
B. Mass Spectrometer Analyses of Volatile Corrosion Products 
A Consolidated Engineering Corp. Model 21-103 mass spectro- 
meter was used to analyze volatile corrosion products that were 
evolved when mixtures of Ti-8Al-lMo-lV alloy and sodium chloride 
- 7  - 
were heated in a closed, heated glass reaction vessel attached 
directly to the mass spectrometer. ( 7 1  Titanium alloy chips were 
"5 * 
wetted with salt solution and dried for 1 hour at 110~~. Chips 
were used to assure a high surface area/salt ratio. The pressure 
in the reaction vessel was reduced so that at temperature, with- 
out a reaction, the pressure would be 1 atmosphere. About 2% 
of the gas in the reaction vessel was removed each time a sample 
was taken. The stopcocks in the reaction vessel and on the mass 
I1  spectrometer were greased with Kel-F,"* a lubricant unattacked by 
C1, and other strong oxidants. 
C. Electron Microprobe Analyses 
The distribution of Na and C1 in cracks and adjacent regions 
was determined using a Materials Analysis Corporation Model 400 
electron microprobe. X-rays were diffracted with a potassium 
acid phthalate crystal for Na and a pentaerythritol crystal for 
Cl. Spectrometers were calibrated with carbon-coated sodium 
chloride crystalslso that atomic concentrations of Na and C1 could 
be shown on equivalent scales in Figure 7. 
IV.  RESULTS AND DISCUSSION 
A. R a d i o t r a c e r  S t u d i e s  of Adsorpt ion 
Previous  work(5)  showed tha t  some form of c h l o r i d e  o t h e r  
than N a C l  i s  s t r o n g l y  adsorbed on t i t a n i u m  a l l o y  s u r f a c e s  that are 
w e t t e d  at  room tempera ture  w i t h  N a C l  s o l u t i o n  and subsequent ly  
r i n s e d  i n  f lowing  h o t  water. Cont inua t ion  of the a d s o r p t i o n  
s t u d i e s f 7 )  showed preferen t ia l  adso rp t ion  of c h l o r i d e s  on a v a r i e t y  
of metals, Table I. The e f f e c t  of s o l u t i o n  pH on c h l o r i d e  adsorp-  
t i o n  by Ti-8Al-lMo-lV at room temperature ,  F igure  1, i n d i c a t e s  that 
t h e  c h l o r i d e  i s  not  p r e s e n t  as H C 1  molecules,  because the a b s o r p t i o n  
was maximum i n  the pH 5-6 range and decreased as the pH w a s  i nc reased  
o r  decreased .  If  adsorbed c h l o r i d e  i o n s  were accompanied by hydrogen 
ions ,  the amount adsorbed would be expected t o  i n c r e a s e  i n  a c i d i c  
s o l u t i o n s .  Based on the r e s u l t s  of  t h e s e  s t u d i e s ,  i t  i s  proposed 
that  c h l o r i d e  i o n s  are - absorbed i n t o  the metal oxide f i l m ,  probably 
occupying oxygen vacancies  i n  the l a t t i c e .  The presence  of c h l o r i d e  
ions  i n  the oxide f i l m  should c o n t r i b u t e  t o  the breakdown of 
p a s s i v i t y  d u r i n g  exposure a t  e l e v a t e d  tempera tures .  
Because c h l o r i d e  a b s o r p t i o n  at room tempera ture  w a s  not  a s s o c i -  
ated w i t h  hydrogen i o n s  o r  H C 1  molecules,  the H C 1  gas d e t e c t e d  
du r ing  h o t - s a l t  c o r r o s i o n  must be generated by r e a c t i o n s  invo lv ing  
moisture .  Various p o s s i b l e  sou rces  of moi s tu re  were i n v e s t i g a t e d  as 
descr ibed  below. 
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Experiments w i t h  r a d i o t r a c e r  'H, as 3H20, F igu re  2, demon- 
s t r a t e d  t ha t  mois ture  i s  adsorbed on t i t a n i u m  a l l o y  s u r f a c e s  that 
appear  t o  be dry at room temperature. I n  these tests,  specimens 
w i t h  and without  p r i o r  exposure t o  N a C l  s o l u t i o n  were wet ted w i t h  
3H,0 and allowed t o  d r y  at  room temperature .  
specimens showed a gradual decrease i n  r a d i o a c t i v i t y  d u r i n g  ag ing  
at room temperature, which would be expected due t o  an  exchange 
I n  F igu re  2 b o t h  
between atmospheric  and adsorbed mois ture ,  P r i o r  exposure t o  N a C l  
s o l u t i o n  had no s i g n i f i c a n t  effect  on moi s tu re  adso rp t ion ;  the 
s l igh t  d i f f e r e n c e  shown i n  F i g u r e  2 i s  w i t h i n  the range of r ep ro -  
d u c i b i l i t y  on d u p l i c a t e  specimens. 
On specimens tha t  were d r i e d  i n  air  immediately after wet t ing ,  
the 'H20 w a s  easily removed by exchange w i t h  ho t  r i n s e  water, 
i n d i c a t i n g  that  the mois ture  w a s  no t  t i g h t l y  bound t o  the s u r f a c e .  
On specimens immersed f o r  extended times i n  t r i t i a t ed  salt  s o l u t i o n s ,  
the hot  water r i n s e  d i d  not  remove a l l  of the r a d i o t r a c e r ,  Table 11, 
T h i s  r e t e n t i o n  may be due t o  a b s o r p t i o n  of some moi s tu re  i n t o  the 
oxide f i l m .  
- 
I n  o r d e r  t o  demonst ra te  that  the most impor tan t  sou rce  o f  
mois ture  involved i n  h o t - s a l t  c o r r o s i o n  i s  that which i s  r e t a i n e d  
i n  salt depos i t ed  by evapora t ion  of' s o l u t i o n s ,  d e p o s i t s  of 
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NaCl a.nd SnCl2.2H,O c o n t a i n i n g  t r i t i u m  t r a c e s  were s t u d i e d  
(Ta.ble 111). 
was s i g n i f i c a n t l y  g r e a t e r  than  the  amount r e t a i n e d  by the a b s o r b t i o n  
i n  the p r o t e c t i v e  oxide  f i l m  (F igu re  2 ) .  
The e f f e c t  of retained moi s tu re  on stress c o r r o s i o n  c rack ing  
The amount of moi s tu re  adsorbed i n  the sal t  d e p o s i t  
was compared on specimens wi th  pre-dr ied  sa l t  c r y s t a l s ,  F igure  3. (7) 
The Ti-8A1-1Mo-1V specimens were photographed d i r e c t l y  through the 
ho t - s t age  microscope a f te r  be ing  heated a t  6 5 0 ~ ~  f o r  90 minutes.  
Corrosion s t a i n i n g  and c rack ing  occurred i n  t h e  sequence r epor t ed  
p r e v i o u s l y ( 6 )  on the specimen w i t h  t h e  "moist"  salt ;  b u t  t h e r e  w a s  
no evidence of c o r r o s i o n  o r  c rack ing  on t h e  specimen exposed t o  t h e  
p red r i ed  s a l t  c r y s t a l s .  Under t h e s e  t es t  c o n d i t i o n s ,  n e i t h e r  mois- 
t u r e  p r e s e n t  i n  room a i r  n o r  mo i s tu re  adsorbed on the specimen 
s u r f a c e  were s u f f i c i e n t  t o  i n i t i a t e  s t r e s s - c o r r o s i o n .  The p o s s i b i l i t y  
remains ,  however, t h a t  a tmospheric  mois ture  might be s u f f i c i e n t  t o  
promote a t t a c k  a f te r  much l o n g e r  exposure times or a f t e r  exposure a t  
h igher  tempera tures .  
After h e a t i n g  a specimen a t  6 5 0 ~ ~  f o r  75 hours and subsequent ly  
coo l ing  and removing a l l  salt and co r ros ion  products  from the s u r f a c e ,  
t h e  - abso rp t ion  of corrosion-produced hydrogen by the m e t a l  w a s  shown 
by count ing  the 'H a c t i v i t y ,  Table I V .  The data s u b s t a n t i a t e s  the 
obse rva t ion  of 'H i n  s a l t - c o r r o d e d  a r e a s  made p r e v i o u s l y ( 5 )  by 
au to rad iog raph ic  t echn iques .  
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B. E f f e c t  of Type of  S a l t  and Mois ture  Content on Cracking 
I n  p rev ious  s tud ies ,  (‘j7) the t i m e  t o  i n i t i a t e  h o t - s a l t  crack- 
i n g  wa.s shown t o  be dependent on exposure tempera ture ,  sa l t  
composition, and a l l o y  composition. I n  a c o n t i n u a t i o n  o f  these 
s t u d i e s ,  the e f f e c t  o f  moi s tu re  c o n t e n t  of  the sa l t  on c r a c k i n g  of 
Ti-8Al-lMo-lV w a s  i n v e s t i g a t e d  by comparing the e f fec ts  of N a C l  
w i t h  SnC1,o2H2O. A s  shown i n  F i g u r e  4,  the t i m e  t o  i n i t i a t e  
c rack ing  was much s h o r t e r  f o r  SnC1,-2H20 t h a n  f o r  N a C 1 ,  e s p e c i a l l y  
a t  tempera tures  above the me l t ing  p o i n t  of SnCl 475OF. Although 
t h e  l i q u i d  sa l t  g rea t ly  accelerates the stress c o r r o s i o n  phenomenon, 
i t  i s  impor t an t  t o  n o t e  that c rack ing  can occur  a t  tempera tures  
below the me l t ing  p o i n t s  of b o t h  SnC1, and N a C 1 .  T h i s  i n d i c a t e s  
that the p resence  of  a l i q u i d  phase i s  not  an  e s s e n t i a l  requi rement  
f o r  h o t  -salt c racking .  
2’ 
The e l ec t rochemica l  n a t u r e  of h o t - s a l t  c o r r o s i o n  r e a c t i o n s  
was v i v i d l y  r evea led  by the  experiments  performed a.t t empera tu res  
above the me l t ing  p o i n t  o f  SnC1,. During the i n i t i a l  a t tack by 
the fused  salt,  small g l o b u l e s  of  pure,  molten t i n  a,ppeared on 
the specimens. This  t i n  metal, the i d e n t i t y  of which w a s  confirmed 
by chemical a n a l y s i s ,  could o n l y  be produced by e l ec t rochemica l  
o x i d a t i o n  of the t i t a n i u m  a l l o y  specimen and r educ t ion  of  the t i n  
i o n s  (Sn”) of the  sa l t  t o  t i n  metal. The o x i d a t i o n  of  the t i t a n i u m  
- 1 2  - 
alloy was obvious from the formation of corrosion pits. During 
continued exposure to the atmosphere, the tin metal oxidized. 
Cracking was initiated only after significant corrosion had occurred, 
which indicates that the cracking was not caused by the liquid tin, 
or by titanium corrosion products (such as titanium chlorides). 
This was confirmed by immersing stressed Ti-8Al-lMo-lV in molten tin 
at 70O0F, abrading the surface to break the oxide film, and expos- 
ing it for 90 minutes. No cracking occurred. 
Evidence in support of a stress-sorbtion theory of cracking was 
found during the hot-stage microscopy experiments. Hot-stage 
microscopy revealed that, with both NaCl and SnC12e2H20, the initial 
propagation of cracks was very rapid. However, cracks caused by 
NaCl were small, and further growth occurred very slowly, apparently 
by intermittent extensions. Cracking caused by SnCl2e2H2O was much 
more severe, and the initial extent of cracking was directly de- 
pendent on the amount of salt on the specimen. The addition of 
more SnC12*2H,0 to hot specimens caused immediate rapid extension of 
cracks. In some cases in which the specimens were cooled to room 
temperature after the initial cracks formed, the residual salt and 
corrosion products partially dissolved as a result of absorbing 
atmospheric moisture, and 
min) was observed at room 
further rapid crack propagation (0.1 inch/ 
temperature. This behavior appears to be 
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similar t o  the stress c o r r o s i o n  that has been r e p o r t e d ( 3 )  i n  
t i t a n i u m  a l l o y s  precracked by f a t i g u e  and exposed t o  ambient temper-  
a t u r e  c o r r o s i o n  media.  The r a p i d  c rack  propagat ion  a t  room 
temperature  a p p e a r  t o  be best expla ined  on the  basis o f  a stress- 
s o r p t i o n  mechanism of  c racking .  
Evidence of " tunne l ing , "  i . e . ,  l a t e r a l  ex tens ion  of the c rack  
beneath the specimen s u r f a c e  was observed, e s p e c i a l l y  i n  the c a s e  
of SnC1, c racking .  An obvious example i s  i l l u s t r a t e d  i n  F igure  5, 
which shows the ends  of c r acks  ex tending  through t o  the edge of  a 
specimen be fo re  they  extended the f u l l  w i d t h  of  the  specimen. 
F igure  5 also shows p l a s t i c  deformation and "necking" ahead of the 
advancing c racks .  
6. Analyses of V o l a t i l e  Corrosion Products  
The d i f f e r e n c e  i n  c rack ing  s e v e r i t y  caused by N a C l  and 
SnC12*2H,0 appears  t o  be due t o  the greater amount of mois ture ,  
and consequent ly  the greater q u a n t i t i e s  of H C 1  and hydrogen 
generated d u r i n g  c o r r o s i o n  by SnC1,.2H20, as shown i n  F igure  6. 
These m a s s  spec t rochemica l  ana lyses  of v o l a t i l e  c o r r o s i o n  
products  generated d u r i n g  a t t a c k  of Ti-8Al-lMo-lV by the two 
d i f f e r e n t  salts show an  obvious a s s o c i a t i o n  w i t h  the t i m e  t o  
i n i t i a t e  cpacking, F igu re  4, and the r e l a t i v e  amounts of HC1 and 
hydrogen produced, F igure  6. A t  500°F, more than  10,000 t imes as 
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much H C 1  and hydrogen were gene ra t ed  by SnC12*2H20 t h a n  by N a C 1 ,  
and w i t h i n  much s h o r t e r  times. 
The marked i n c r e a s e  i n  the concen t r a t ion  of' hydrogen d u r i n g  
the i n i t i a l  p e r i o d s  of co r ros ion ,  Figure 6, s u p p o r t s  the hypo thes i s  
that corrosion-produced hydrogen promotes c rack ing ,  No c h l o r i n e  gas 
w a s  de tec ted  i n  the v o l a t i l e  c o r r o s i o n  p roduc t s .  S p e c t r a l  data 
were c o l l e c t e d  t o  mass 170 t o  e n s u r e  that  T iC1 ,  o r  TiC1,  would be 
detected i f  p r e s e n t .  However, o n l y  H20, HC1, and H, were observed 
as v o l a t i l e  c o r r o s i o n  p roduc t s .  The metal c h l o r i d e s  were no t  
expected because they should hydro lyze  i n  air at  the exposure temper-  
a t u r e  t o  produce oxides ,  HCL, and hydrogen. 
T h e  p roduc t ion  of  halogen acids by the r e a c t i o n  of water w i t h  
a hydro lyzable  hal ide sal t  a t  e l e v a t e d  tempera ture  i s  termed 
py rohydro lys i s  and i s  a common a n a l y t i c a l  t echn ique  f o r  the a n a l y s i s  
of  halide salts, (8) Pyrohydro lys i s  requires a r e a c t i o n  of  H20 w i t h  
the  halide sal t  t o  form a v o l a t i l e  species  of  the ha logen  (e.g., HC1, 
HBr). T h i s  r e a c t i o n  i s  o f t e n  accelerated by the a d d i t i o n  of 
aluminum ox ide  o r  vanadium pen tox ide  when the sal t  i s  d i f f i c u l t  t o  
hydrolyze,  as i s  the case w i t h  N a C 1 .  Thus, p rev ious  r e p 0 r t s ( ~ , 4 f  
that metal ox ides  are involved  i n  h o t - s a l t  c r ack ing  can  be exp la ined  
on the basis that  the oxide  accelerates pyrohydro lys i s .  
t 
I n  Lome 
cases, water of hydra t ion  i n  metal oxides  would a l s o  c o n t r i b u t e  t o  
the p rocess .  
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All of the i n g r e d i e n t s  f o r  pyrohydrolys is  are p r e s e n t  i n  the 
hot -sa l t  stress c o r r o s i o n  of t i t a n i u m  a l l o y s ,  ‘71 
and vanadium are p r e s e n t  i n  the oxide f i l m  on Ti-8Al-lMo-lV a l l o y ;  
H C 1  has been observed as a c o r r o s i o n  product ,  and water has been 
shown t o  be necessary  f o r  h o t - s a l t  c racking .  Thus, the exper imenta l  
evidence demonst ra tes  that pyrohydrolys is  i n i t i a t e s  the c o r r o s i o n  
Both aluminum 
p o c e s s .  H C 1  p e n e t r a t i o n  of the oxide f i l m ,  rendered less p r o t e c t i v e  
by the p r i o r  a b s o r p t i o n  of c h l o r i d e ,  produces a t t a c k  of t h e  metal t o  
form metal c h l o r i d e s  and hydrogen. 
generated by h y d r o l y s i s  of the metal c h l o r i d e s .  
More H C 1  and hydrogen are then  
Evidence that  HC1, r a t h e r  t han  N a C l  i s  t h e  form of c h l o r i d e  
p r e s e n t  i n  c racks  w a s  obtained by e l e c t r o n  microprobe ana lyses  f o r  
N a  and C 1  a long  the l e n g t h  of c racks .  Specimens that were cracked 
du r ing  exposures  t o  N a C l  at 6 5 0 ~ ~  were p o l i s h e d  i n  nonaqueous l u b r i -  
c a n t s  s o  that t h e  c r a c k  c r o s s  s e c t i o n  could be scanned by an  
expanded, 8p diameter e l e c t r o n  beam. Care w a s  taken t o  prevent  
sodium c h l o r i d e  f r o m  be ing  fo rced  i n t o  the c r a c k  d u r i n g  sample 
p r e p a r a t i o n .  Seven c r a c k s  were examined. Crack d e p t h  ranged from 
7 5 ~  t o 3201-1. These a n a l y s e s  showed that  sodium w a s  concent ra ted  at  
the mouth of the c r a c k  and  tha t  c h l o r i d e  w a s  p r e s e n t  i n  d e c r e a s i n g  
c o n c e n t r a t i o n s  from the mouth toward t h e  c r a c k  t i p .  A t y p i c a l  c r a c k  
and the accompanying sodium and c h l o r i d e  c o n c e n t r a t i o n  p r o f i l e s  are 
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shown i n  F igure  7. The p e n e t r a t i o n  of c h l o r i d e  bu t  no t  sodium w a s  
a l s o  supported by au to rad iog raph ic  s t u d i e s  
w i t h  2 2 N a C 1  and Na3*C1. 
concent ra ted  i n  the c racke  113 r e g i o n s .  
of samples  cracked 
The c h l o r i d e  t r a c e r  bu t  not  sodium was found 
Examinations of the f r a c t u r e  s u r f a c e s  of Ti-8Al-lMo-lV a l l o y  
samples  cracked by exposure t o  moist  and d r y  HC1, SnC1,*2H20, and 
N a C l  revea led  tha t  c rack ing  i n  a l l  c a s e s  w a s  predominately i n t e r -  
g r a n u l a r  w i t h  l i m i t e d  r eg ions  of t r a n s g r a n u l a r  c leavage .  L i t t l e  
evidence o f  d u c t i l e  f a i l u r e  w a s  noted. I n  gene ra l ,  the observa-  
t i o n s  were c o n s i s t e n t  w i t h  a s t r e s s - s o r p t i o n  mechanism of  f r a c t u r e ,  
Evidence of d i s l o c a t i o n  movement, and t h e r e f o r e  p l a s t i c  deformation 
accompanying f r a c t u r e  w a s  a l s o  observed. Some evidence of c o r r o s i o n  
on f r a c t u r e  s u r f a c e s  w a s  observed but  c o r r o s i o n  probably occurred 
a f t e r  the f r a c t u r e  was formed. 
$ 
Typica l  f r a c t o g r a p h s  of samples cracked under f i v e  d i f f e r e n t  
c o n d i t i o n s  are shown i n  F igure  8. 
similar and s e v e r a l  f e a t u r e s  are common t o  most of the samples:  
The f r a c t u r e  s u r f a c e s  are q u i t e  
A .  I n t e r g r a n u l a r  c racking ,  shown by g r a i n  shapes i s  revea led  
on the f r a c t u r e  s u r f a c e .  There was l i t t l e  evidence of  
d u c t i l e  f a i l u r e ,  
B. Secondary c racking .  
C. Rough grain s u r f a c e s  w i t h  areas of more o r  less r e g u l a r  
r i p p l e s ,  s teps o r  f o l d s  (see a r rows) .  These r eg ions  
probably r e s u l t  f rom s e r p e n t i n e  g l i d e ,  g l i d e  p l a n e  
decohesion and s t r e t c h i n g ,  and are i n t e r p r e t e d  as 
evidence of d i s l o c a t i o n  movement d u r i n g  the format ion  of  
the f r a c t u r e  s u r f a c e s .  F igure  9 shows such r e g i o n s  i n  
more d e t a i l .  
D. P i t t i n g ,  p robably  r e s u l t i n g  from c o r r o s i o n  a f te r  crack-  
i n g  was a l s o  observed i n  some samples (compare F igu res  
8a, b, and c w i t h  d and e ) .  Seve re ly  p i t t e d  r eg ions  are 
shown i n  F igu re  10 to emphasize t h e  e x t e n t  t o  which 
c o r r o s i o n  cam occur.  
The r i v e r  p a t t e r n s ,  F igure  11, c h a r a c t e r i s t i c  of t r a n s g r a n u l a r  
c leavage were observed i n  l i m i t e d  r eg ions  of most o f  the  samples. 
The r e l a . t i v e l y  smooth g r a i n  s u r f a c e s ,  t h e  topographic  f e a t u r e s ,  
and t h e  evidence of c leavage  f r a c t u r e  i n d i c a t e  that  f a i l u r e  must 
have been mechanical a l though  e l ec t rochemica l  c o r r o s i o n  occurred at  
t h e  s u r f a c e .  Thus, the  most r easonab le  mechanism f o r  h o t - s a l t  
c r ack ing  appears  t o  be the k t r e s s - s o r p t i o n  mechanism. 
E. Cracking i n  Various H a l i d e  S a l t s  
Previous demonstrated that va r ious  halide salts  
i n  a d d i t i o n  to N a C l  can cause h o t - s a l t  c r ack ing  of t i t a n i u m  a l l o y s ,  
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The times required f o r  c rack  i n i t i a t i o n  i n  Ti-8Al-lMo-lV exposed t o  
va r ious  hal ide sal ts  d e p o s i t e d  from saturated s o l u t i o n s  are shown 
i n  Tab le  V. 
i n c r e a s e d  as the s i z e  of t he  i o n  decreased ( i . e . ,  C1 > B r  > I) .  
The p H  o f  the s a t u r a t e d  sa l t  s o l u t i o n  i n i t i a l l y  a p p l i e d  t o  the spec- 
men i s  a l s o  impor tan t ;  the t i m e  t o  i n i t i a t e  c rack ing  decreased w i t h  
dec reas ing  pH, Tab le  V. 
i s  more impor tan t  t h a n  the hal ide i o n  i n  promoting c rack ing .  
The e f f e c t i v e n e s s  o f  the ha l ide  i n  promoting c rack ing  
T h i s  r e s u l t  i n d i c a t e s  that  the hydrogen i o n  
- 19 - 
V. CONCLUSIONS 
The p r i n c i p a l  exper imenta l  r e s u l t s  to date t h a t  suppor t  a stress- 
s o r p t i o n  mechanism f o r  h o t - s a l t  c r ack ing  of  t i t a n i u m  a l l o y s  are; 
o Sur face  c o r r o s i o n  p roduc t s  are genera ted  p r i o r  t o  c rack ing  
o Cracking i s  due to mechanical f r a c t u r e  w i t h  c o r r o s i o n  
af ter  propagat ion  
o A f t e r i n l t i a t i o n ,  r a p i d  c rack  propagat ion  occurs ,  even a t  
room tempera ture .  
O f  the two s p e c i e s ,  hydrogen c h l o r i d e  and hydrogen, that might 
be a c t i v e  i n  t h e  s t r e s s  s o r b t i o n  process ,  corrosion-produced nascent  
hydrogen i s  proposed t o  be the sorbed s p e c i e s  r e s p o n s i b l e  f o r  
c racking .  The s t r e s s  c o r r o s i o n  c rack ing  p rocess  appears t o  occur  
by t h e  fo l lowing  sequence: 
a. 
b. 
C .  
d .  
Moisture  r e t a i n e d  i n  s a l t  d e p o s i t s  i s  r equ i r ed  t o  i n i t i a t e  
py rohydro lys i s  of the salt  i n  c o n t a c t  w i t h  the me ta l  ox ide  
f i l m .  
Pyrohydrolys is  g e n e r a t e s  a hydrogen halide,  which p e n e t r a t e s  
t h e  oxide f i l m  and r e a c t s  t o  form metal halides and 
hydrogen, 
Hydrolysis  of  the metal ha l ides  r e fo rms  a hydrogen hal ide 
and g e n e r a t e s  hydrogen. 
Hydrogen i s  sorbed by the meta l  s u r f a c e ,  weakens the i n t e r -  
m e t a l l i c  bonds, and causes  c racks  t o  form because of the  
a p p l i e d  stress.  
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FOOTNOTES 
Page 1 - The Savannah River  Labora tory  is  opera ted  b y  t h e  E. I .  du 
Pont de Nemours and Company f o r  t h e  U ,  S .  Atomic Energy 
Commission, under Con t rac t  AT (07-2 )-le e work r epor t ed  
h e r e  w a s  done f o r  the Na t iona l  Aeronau t i ca l  Space 
I 
- -  
h -a 
Adminis t ra t ion ,  under O r d e r  R-124 i s sued  t o  the 
USAEC 
Page 8 - Trademark of  Minnesota Mining and Manufacturing Company, 
S t .  Paul,  Minnesota. 
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Table I 
+ _Adsorption of N a  and C1- on S e l e c t e d  
S u r f a c e  Adsorpt ion,  w g / l O  cm2 
C1- Condi t ion  -- 
Type 304 S t a i n l e s s  S t e e l  Po l i shed  0.00 12.0 
+ N a  Material 
Ti tan ium 
T i  -8A1-1Mo - l V  
T i  -8A1-1Mo - l V  
Po l i shed  0.00 12 .0  
Po l i shed  0.14 10.0 
M i l l  Oxide 0.03 9.4 
Ta.ntalum Oxidized 0.01 10.0 
Z i r  caloy -2 Ox i d  i z e d  0.03 8.5 
Pla t inum Ox i d  i z e d  0.00 4 .5  
+ ( a )  N a  as r a . d i o t r a c e r  22Na  
C 1 -  as r a d i o t r a c e r  3 0 C l  
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Table I1 
Effect of Immersion Time of Ti-8Al-lMo-lV on 
Adsorption of 'H20 from NaCl Solution (pH 6.0) 
Specimen Immersion Treatment After 
No. Time, hr Tmmers ion 
1 0.5 Dried with absorbent 
tissue in air 
2 0.5 (Same as above) 
Sub sequent ly rinsed 
in flowing hot water 
3 0*5 Dried with absorbent 
tissue and rinsed 
immediately in flowing 
hot water 
4 26 Dried with absorbent 
tissue 
5 26 (Same as above ) 
Subsequently rinsed in 
flowing hot water 
6 26 Dried with ab sorbent 
tissue and rinsed 
immediately in flow- 
ing hot water 
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Counts/lO min 
(3.6 em2 surface area) 
Counter 
Reading 
534 
725 
190 
31 
1130 
8 62 
699 
519 
20 
Error 
+240 
5240 
+240 
+240 
2260 
5260 
5260 
+260 
Table I11 
3H20 Rad io t r ace r  I n d i c a t i o n  
of Moisture  i n  S a l t  Depos i t s  
Type of S a l t  Depos i t (" )  Counts p e r  Minute 
N a C l  35,600 
SnC1,*2H20 149,400 
( ~ . d  Produced by evapora t ion  of  100 p1 of s a t u r a t e d  
sa l t  s o l u t i o n  of Ti-8Al-lMo-lV specimen. 
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Table IV 
Hydrogen (3H) Absorption by Ti-8A1-1Mo-1V 
in Salt -Corroded Area 
Specimen No. B Counter Reading, Counts/lO min Error 
20 
A B C --- Specimen Treatment (a) 
1 1461 430 0 5245 
2 1069 352 325 5245 
(a) Specimen Treatment: Stressed Specimens treated with hot 
NaCl for 75 hours at 650°F and rinsed 
in flowing hot water for one minute. 
A - Counts made after two chemical etches that removed 
a total 0.2 mil. 
B - Counts made after an additional 0.1 mil removed by 
grinding . 
C - Counts made after an additional 0.1 mil removed by 
grinding, 
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Table  V 
Effects  of Type of Halogen S a l t  and 
I n i t i a l  S o l u t i o n  pH on T ime  t o  I n i t i a t e  
Cracking of T i - 8 A l - l M 0 - 1 V ( ~  
S a l t  
N a C  1 
N a B r  
N a I  
SnC1;2H,O 
C U C l  
pH of 
I n i t i a l  
S o l u t i o n  
4.1 
0.5 
4.7 
0.5 
8.9 
0.5 
4.1 
0.5 
0.2 
3.4 
Time t o  I n i t i a t e  
Cracking, 
min 
80 
40 
150 
75 
150 
75 
30 
15 
10 
60 
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Figure  1, 
Figure 2.  
F igure  3. 
Figure 4.  
F igure  5. 
F igure  6. 
F igure  7. 
F igure  8. 
F igure  9. 
FIGURE CAPTIONS 
Effec t  of  pH on Adsorpt ion of C 1 -  by Ti-8Al-lMo-lV 
i n  N a C l  S o l u t i o n s ( 7 )  
Rad io t r ace r  Evidence of Adsorbed Moisture  ( o r  3H,0) 
on Ti-8Al-lMo-lV a t  Room Temperature 
Effect  of Moisture  on N a C l  Cracking of Ti-8Al-lMo-lV 
at 650°F(7) (Specimen w a s  exposed 90 minu tes )  
Ef fec ts  of S a l t  Composition and Temperature on T ime  
t o  I n i t i a t e  Cracking of Ti-8Al-lMo-lV 
Tunneling" of SnC1,-Induced Cracks i n  Ti-8Al-lMo-lV 11 
(Specimen w a s  exposed at  6 5 0 ~ ~  f o r  10 m i n . )  
Evolut ion o f  H2 and H C 1  During Hot S a l t  Corrosion 
O f  Ti-8Al-lMo-lV 
E lec t ron  Microprobe Analyses of Na and C 1  i n  Hot-Salt  
Crack i n  T i - 8 A l - l M 0 - 1 V ( ~  
Typ ica l  Frac tographs  of Hot-Salt  Cracks i n  Ti-8Al-lMo-lV 
Frac tographs  Showing Evidence of D i s l o c a t i o n  Movement 
Accompanying F r a c t u r e  During Hot-Salt  Cracking 
Figure  10. Frac tographs  Showing Evidence of  Corrosion of  F r a c t u r e  
Faces 
F igure  11. Frac tograph  Showing Typ ica l  River  P a t t e r n s  Found i n  
Limited Regions of 3 0 t h  Hot-Salt  and HC1 Cracks 
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pH of Solution 
FIG. 1 EFFECT OF pH ON ADSORPTION OF CI' BY Ti-8AI-1Mo-IV IN 
NaCI SOLUTIONS 
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FIG. 2 RADIOTRACER EVIDENCE OF ADSORBED MOISTURE (OR 3 ~ ~ 0 )  ON 
Ti -8AI - 1Mo - 1V AT ROOM TEMPERATURE 
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FIG. 3 EFFECT OF MOISTURE ON NaCl CRACKING OF Ti -8AI - 1Mo- 1V AT 6 5 O O F  ('1 
(Specimen was exposed 90 minutes) 
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FIG. 4 EFFECT6 OF SALT COMPOSITION AND TEMPERATURE ON 
TIME TO INITIATE CRACKING O F  Ti -8AI - 1/40 - 1V 
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FIG. 5 “TUNNELING” OF SnCI,- INDUCED CRACKS IN Ti -8AI - 1Mo- 1V 
(Specimen was exposed at 1650OF for . lo min.) 
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FIG. 6 EVOLUTION OF H, AND HCI DURING HOT SALT CORROSION 
OF Ti -8AI -1Mo- 1V 
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FIG, 7 ELECTRON MICROPROBE ANALYSES OF Na AND CI IN HOT-SALT 
CRACK IN Ti -8AI - 1Mo - 1V 
a.SnCl2 - 65OOF b. NoCl - 65OOF C. Anhydrous HCI - 65OOF 
d. Moist HCI - 65OOF e. SnCl2 - R.T. 
FIG. 8 TYPICAL FRACTOGRAPHS OF HOT- SALT CRACKS IN Ti - 8AI - 1Mo - 1V 
NaCl - 65OOF Anhydrous HCI - 65OOF 
FIG. 9 FRACTOGRAPHS SHOWING EVIDENCE OF DISLOCATION MOVEMENT 
ACCOMPANYING FRACTURE DURING HOT-SALT CRACKING 
Anhydrous HCI at 65OOF SnCI, a t  650°F 
FIG. 10 FRACTQGRAPHS SHOWING EVIDENCE OF CORROSION OF FRACTURE FACES 
FIG. 11 FRACTOGRAPH SHOWING TYPICAL RIVER PATTERNS FOUND IN 
LIMITED REGIONS OF BOTH HOT-SALT AND HCI CRACKS 
